A page-oriented, angle-multiplexed volume holographic optical-memory recording system has been constructed. This memory is addressed by the use of an acousto-optic deflector with a random-access time of 16 µs per page. This enables data transfer rates of 5.28 Gbits@s when pages of binary data are being stored. The reconstruction quality of images stored as memory pages is assessed with the quality achieved with the acousto-optic device compared with that achieved with the original recording optics. 
Introduction
It is well recognized that the parallel nature of optical processing carries with it enormous advantages in terms of data-transfer rates and processing capacity. Essential for any processing unit is the capacity to store data. To this end, work on optical storage by the use of volume holograms has been extensive, [1] [2] [3] [4] [5] and various multiplexing and encoding techniques have been developed to maximize the storage capacity of volume holographic media. The principal methods found in use are angle, wavelength, spatial, electric-field 6 and peristrophic multiplexing, 7 and phase encoding, 8 with various permutations or combinations of these. 9 Of these methods, angle multiplexing is probably the most common, with multiplexing achieved by an angular translation of the writing beams or the recording material. This is commonly accomplished by mechanical means. However, speed of address of the optical memory has practical limits, as mechanical systems tend to be slow. Acousto-optic addressing, on the other hand, offers the possibility of random access of the optical memory on the microsecond scale. Although originally proposed in the work of Mok, 10 no results were presented at that time on the use of acousto-optic addressing. In this work, an anglemultiplexed volume holographic memory based on the material Fe:LiNbO 3 has been recorded by mechanical means, with an acousto-optic deflector 1AOD2 used for high-speed addressing of the optical memory.
System Design
Our application requires the storage of two-dimensional video still images of a machine component 1a camshaft-bearing cap, as supplied by Rover Group, U.K.2 in various orientations to be used as reference template images for input to an optical correlator. These images are stored as angle-multiplexed volume holograms in crystals of Fe:LiNbO 3 . The crystals are Y-cut and 10 mm 3 10 mm 3 7 mm in size, with a nominal doping level of 0.1 wt. % Fe. Initially, images of the component are acquired through an automated system in which a robotic arm is used to control the component pose attitude while an overhead camera sends images to the computer controller for acquisition. These images are stored on a mass-storage device and retrieved for hologram recording. The optical-memory recording system is also automated, 11 and it is worth noting that pages of binary data could just as effectively be recorded with this system 3see Fig. 11a24 . A Seiko-Epson liquidcrystal television display is used as an amplitudemodulating spatial light modulator to encode the images onto the object beam. The pixel density of this device is 320 3 264. Assuming binary amplitude modulation, this gives a data density of 84.48 kbits@page.
In the multiplexing procedure, the reference beam undergoes an angular displacement with respect to the object beam. To achieve this, a mirror mounted on an Aerotech ADR150-RE30 rotation stage combined with a conventional 4f lens system is used.
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r 1996 Optical Society of America Both sequential 12 and incremental 13 exposure schemes can be used in the recording procedure. Note that recording with the AOD is not possible because of the optical heterodyne that would result from the Doppler shift introduced to the reference beam by the acoustic wave. This problem can be circumvented if both the object and the reference beams are frequency shifted by the same amount. This should be done preferably with displacement of only one of these beams; otherwise the position of the reconstructed image would change on reconstruction. It is possible to use an electro-optic single sideband mixer to frequency shift the object beam to match that produced by the AOD. However, unless one uses the same rf driver for both the electro-optic device and the AOD, phase locking the two modulators may be difficult. This solution, as well as being experimentally complex, is also unattractive financially for our system. Note, however, that the error in Bragg matching when the hologram pages are reconstructed is negligible. For example, in our system, the worst possible case would be a frequency shift of 150 MHz on the optical beam. This produces a corresponding fractional shift in wavelength of 2.44 3 10 25 %, which, even for the strict Braggmatching conditions that apply, is insignificant. Once images are stored in the optical memory, the holograms may be reconstructed by the use of the geometry shown in Fig. 11b2 . The AOD used is an Isomet LS110-500, which has an active aperture 9.3 mm in diameter and a time-bandwidth product of 750. The device-access time is quoted as 15 µs, and the angular scan range is 2.3°. The angular position of the deflected beam is controlled by an analog signal supplied to the voltage-controlled oscillator of the AOD from a 12-bit digital-analog converter. The device also has a signal input for modulating the rf power supplied to the transducer; this is used to control the diffraction efficiency of the device with a response time of approximately 10 µs, limited by the slew rate of the rf amplifiers. We have used this facility to provide active compensation for variation in the beam intensity as a function of scan angle and also to give active compensation for variation in the diffraction efficiency of the multiplexed holograms. Results of this correction can be seen in Fig. 2 , where the angular dependence of the diffracted signal from the AOD is shown before and after correction. The small residual fluctuation is due to the frequency dependence of the nonlinear gain curve of the rf amplifiers, and further development of the correction procedure will take this into consideration. Angular calibration between the mechanical recording system and the AOD is achieved by the employment of an 8-bit coding scheme, with which a voltage look-up table can be generated that gives the angular positions of each hologram in terms of the voltage to be applied to the AOD.
System Performance
To date, 72 angle-multiplexed volume holograms have been recorded, constituting an in-plane rotation of the component under inspection by 5°incre-ments. We have measured the random-access time of the holography memory pages to be 16 6 2 µs, allowing us to address 6.25 3 10 4 pages per second. Assuming binary data storage and ignoring effects that are due to pixel-pixel and page-page cross talk, we obtain a data-transfer rate of 5.28 Gbits@s. In general, the incremental exposure technique is used during recording to preserve gray-scale fidelity in the image while maximizing the diffraction efficiency. 14 Figure 31a2 shows a photograph of a sample image for recording as projected on a screen by Ar 1 laser illumination. The eight rectangles at the side of the image are used for the 8-bit encoding scheme used in calibration and are not input to the correlator system. The hologram reconstruction quality when the mirror is used 1i.e., the original recording optics2 can be seen in Fig. 31b2 . It is seen that there is some slight deterioration in quality toward the right-hand side of the image. Interferometric studies have shown this to be due to inhomogeneities in the crystal. Finally, in Fig. 31c2 we can see the image quality when holograms are reconstructed with the AOD. Comparing Figs. 31b2 and 31c2 , we observe that the image quality is generally well preserved, but that the distortions seen in Fig. 31b2 have been exacerbated. This is likely to be due to the differences in phase distortion introduced by the optics used for reconstruction 1including the AOD2, compared with those introduced by the recording optics. Note that the wave-front distortion of the AOD is quoted to be better than l@4. These results are typical for all those in the recording set and should be significantly improved when better quality crystals are found.
